We exploit the differences that exist between the radiation fields of a point source and an array to design a timeseparated marine seismic source array with desired power spectral and directional characteristics, whose far-field time signature is known precisely from measurements.
INTRODUCTION
One object of data processing is to recover the earth impulse response g(t) with as high a degree of lidelity as possible. To accomplish this, there are three fundamental requirements which must be
satisfied. (I) The signal-to-noise (S/N) ratio Is(t) * g(t) / /In(t))
must be large. (2) The frequency bandwidth of the generated farfield signature s(t) must be broad. (3) The shape of the far-field signature s(t) must be known. This means that both the amplitude and phase as a function of frequency must be known.
In the seismic reflection experiment the measured response x(t)
is composed of the impulse response of the earth g(t), convolved with the far-field signature of the seismic source s(t), plus noise n(r). Thus 
x(t) = s(t) * g(t) + a(t),
All three requirements can be met if the seismic source produces a high-energy, broad-bandwidth signature of known shape. The first two requirements have been met successfully by exploiting the use of source arrays. The third requirement is not usually met. We meet all three requirements here.
We begin by defining the minimum range at which the phase spectrum of a typical source array does not change with increasing range. We note the difficulties encountered in measuring the farfield of typical source arrays and propose an alternative, based on the time separation of the individual source units. The kernel of our idea is this.
(I) We split up the array into source units which are small compared with a wavelength. (2) We then fire these individual units sequentially such that each one generates its seismic radiation before the next one is fired. (3) We measure the far-field signature of each source unit . with a hydrophone which is placed close to the source unit, but still in the linear region where the phase spectrum of the pressure held of the point source is independent of range. (4) From these measurements we derive the far-field signature of the whole sequence in any required azimuth.
MARINE SEISMIC SOURCE ARRAYS
The marine seismic sources currently in use are of two types: point sources and arrays. Point sources are those which have dimensions small compared with the wavelengths of seismic radiation which they generate. Arrays are sources which are not small compared with the wavelengths of seismic radiation which they generate.
Some marine point seismic sources, notably air guns. generate seismic energy in a band of frequencies which is generally too narrow for exploration requirements. However, arrays of such sources are built to overcome the limitations of the individual guns. These arrays employ a number of guns of different sizes. Each size of gun generates seismic energy predominantly in a different part of the seismic spectrum (although the spectra of the different size guns do overlap). The array of guns is designed to produce energy over a broad range of frequencies to satisfy our first two requirements. To preserve the essential design aim that the seismic energy generated be in the desired bandwidth. the guns are combined in units which are spaced sufficiently far apart to be approximately independent of each other. Each source unit consists of one or more guns fairly close together. The units are small compared with a wavelength and are therefore basically point sources. However. the dimensions of the array are of the order of a wavelength within the seismic bandwidth, and the array as a whole is not a point source.
In Figure I , we see that the travel path from the center of the array 0 to the point Q is r. and the path from the end of the array A to Q is AQ. The phase difference 4 caused by this difference in travel paths is given by
In the far field, as r tends to infinity, C$ tends to rr(D sin 0)/A. We define the mnin beum of a uniform array AB as the zone in the far field in which this phase difference is less than rr. Thus In addition to the phase differences caused by the spatial distribution of the sources in the array within typical dimensions, the basic source units do not even behave independently. The pressure wave generated by each unit radiates in all directions and impinges on all the other units, thus modifying their behavior. Consequently, the far-field seismic pressure wave produced by the array of source units is not exactly equal to the sum of the signatures of the individual source units acting independently. The interaction effects between the source units are important. but are not well understood. [Ziolkowski et al (1982) have proposed a method for measuring this interaction effect, but at present there is no proven physical theory to predict exactly what the distorting effect of the interactions between source units within a seismic array will be.1 In order to meet our third requirement above, it is essential to determine the far-field signature of the seismic source array. This can be done only by measuring the signature in the far-field.
MEASUREMENT OF THE FAR-FIELD SIGNATURE
The basic difficulty with measurement of the far-field signature of a marine seismic source array is that the water on the continental shelf is too shallow to permit the measurement to be made over the required bandwidth. We have just shown that the minimum range r, at which a hydrophone can be placed below the array to measure the far-field signature is r, f' D' =-
C where D is the length of the array. f is the frequency, and c is the velocity of sound. At ranges less than r, there will be phase distortion at frequencies f and above. Any constraints on the magnitude of Y, are constraints on the high-frequency fidelity of the measurement. There is also the risk of contamination of the measurements by the arrival of the sea-floor reflection. This will affect all frequencies, but especially the low frequencies, if it arrives too early. There must be sufficient water depth below the far-field hydrophone to avoid this contamination.
For example, if we wish to measure the far-field signature of a marine seismic source array of length 20 m, preserving frequencies up to 100 Hz, our high-frequency constraint demands that we put the hydrophone at least 30 m below the array. If most of the significant energy over the bandwidth of interest is generated within the first 200 msec, we require at least 150 m of water below the reference hydrophone to record this signature properly. If the depth of the source array is IO m, we require total water depth of 190 m. Most of the continental shelf of exploration interest is too shallow to meet this requirement. It is impossible to place the reference hydrophone anywhere without suffering some phase distortion at the high frequencies, or contaminating the tail of the signature by sea bottom reflections, or both. It is therefore impossible to measure the far-field signature of a typical marine seismic source array accurately in areas of exploration interest.
This problem is well understood, and there are two approaches which are currently in use to overcome it. The first is simply to take the array into deep water and measure the far-field signature. This signature is used in the subsequent processing for data obtained using the same source array in shallow water. The second approach is to design the array such that the far-field signature is as short as possible, so that very little processing of the data for removal of the signature is required. Short signatures from air gun arrays are normally achieved, with an appropriate choice of gun sizes and spacings between them, by firing the guns simultaneously at the same depth. The conventional measure of shortness is the "primary-to-bubble" ratio of the vertically traveling far-field signature measured over the arbitrary bandwidth O-128 HZ. If the primary-to-bubble ratio is greater than about 8.0, it is often a good assumption that the spectrum of the signature is minimum phase (Lamer et al, 1982) and therefore the signature can be removed from the data if a good estimate of the power spectrum of the source signature can be obtained from the data. In practice, these two approaches are used together. That is, the source signature is designed to be short, and the far-field signature is measured in deep water before the array is used for production seismic surveying on the continental shelf.
One probiem-with the firstappruach~ is that~ it is difficult io~keep~ all conditions constant. There are always small variations in the depth of the source array, the sea state, the performance of individual guns, the synchronization of the firing instants, and the air pressure delivered by the ship' s compressors. Also, individual guns often cease to work properly and it is not always economical to stop the survey simply to repair one gun. Therefore surveying continues with a different source signature. For these reasons, the deep-water far-field measurement of the source array is likely to differ from the signature generated by the array in normal production.
Another problem with the first approach is that there is no single far-field signature. The array is directional, that is, the shape of the signature varies with the direction. This is caused by the finite size of the array, as discussed above. Therefore, any single farfield measurement can determine the signature in only one direction. A whole suite of measurements would be needed to obtain the full required directional response; as surveying conditions change, this response also changes.
The problem with the second approach is that it is normally impossible to generate a signature of short time duration without relying very heavily on destructive interference of the tail-end energy radiated from the individual guns. In other words, signal energy is directed sideways to make the downward traveling wave packet short. This is an inefficient use of the available energy delivered by the expensive shipboard compressors. Furthermore, these signatures are never short enough, and processing of the recorded data to compress the signature is regarded as essential to obtain the best results. This processing depends upon a reliable estimate of the signature being obtainable from the reflection data, which in turn relies on a reliable guess of the statistical properties of the impulse response of the earth g(t) in equation (l), and a correct phase assumption for the signature s(t). (The signature is usually assumed to be minimum phase, an assumption which is regarded as good if the primary-to-bubble ratio is high enough.)
SOURCE UNIT DECOMPOSITION OF THE ARRAY
We have described the construction of a typical seismic source array as a combination of source units, each of which is small compared with a wavelength. When all these source units are fired simultaneously, interactions occur between the units. In our approach, the units are fired sequentially such that each unit generates all its significant seismic radiation before the next unit is fired; this will eliminate interactions between the units. Furthermore, since the dimensions of the individual units are small compared with a wavelength, the units act like point sources. The advantage of this is that the far-field pressure wave of a point source can be measured much closer to the source.
Measuring the response of an individual source unit
If we measure pressure. the far-field signature of each individual source unit can be measured with a hydrophone placed very close to the unit. at a range r, which is small compared with a wavelength. At a distance r from a point seismic source in a homogeneous fluid the radiation is described by the spherical wave equation 
where g' is the differential of some unknown function g. The particle acceleration (I is derivable from the pressure p from the equation
Substituting for p from equation (Y) into equation (IO), we find u(r. 1) = J-g"(t -r/c) + l-g' (t -r/c). (11)
per pr2 We can find the particle velocity u from the particle acceleration from the relation U= r n dr. 
per where the constant of integration vanishes with the condition that the particle tends to zero as the distance r tends to infinity. Compare equations (9) and (13), the expressions for the pressure function p(r, t) and the particle velocity function u(r. t). The particle velocity function contains two terms. whereas the pressure function contains only one. The first term. (l/r' ) of the particle velocity function. dominates at small distances r from the source. This is the near field. The second term. (I/r) of the particle velocity function, dominates at large distances r from the source. We notice that at very large distances r. where the first term in the particle velocity function becomes negligible. there is a simple relationship between the pressure function and particle velocity function: u(r. t) = _!-p(r, t).
(14)
The region where this relation holds is known as the "far field" of the point source. and in the far field the pressure and particle velocity are in phase with each other. In the near field they are not in phase. This is readily shown by comparing the pressure and velocity functions in the frequency domain. We define delayed 
Thus, the far-field region, in which the l/r2 term is small, is at distances r > X. If we measure particle velocity, we have to put our device at distances greater than about a wavelength from a point source. But if we measure pressure, we can see immediately from equation (9) that we may put the pressure-sensitive device anywhere within the linear elastic region. In marine work, we measure the pressure field and thus we are able to exploit this feature of the radiation of a point source to overcome the problem of measuring the far field of an array. 
where c is the speed of sound in water and T is delayed time measured from the onset of the wave at a range r. We now fire the source units sequentially, such that each one has generated all its significant seismic radiation before the next one is fired, and we arrange for each source unit to be in the right location at the instant of firing. For example, if the units in the line array described above are spaced such that each one reaches the point (0, 0, 0) at its firing instant, and if the time delay between the firing of the ith and the i + 1 th unit is ti+ , -t;, the far-held signature at a range r along the z-axis will be given by 1 1 1
; S(T) = ; S,(T -t,) + -SZ(T -t2) + . .) i S,(T -tn)
r r 
= 1 i: S;(T -li).
r {=I Proper selection of the firing times allows us to arrange for the effective power spectrum of the whole sequence of far-field signatures to approximate the sum of the power spectra of the individual far-field signature. We may therefore build up the power spectrum of our far-field signature to the desired shape by an appropriate choice of source units and delay times. Figure 4 shows a point source unit at depth D, below the sea surface. The sea floor is shown at depth D, below the sea surface. At a small distance from the source unit, much less than a wavelength away, the pressure wave generated by the source has spherical symmetry. The hydrophone shown in Figure 4 will measure a direct wave from the source, a reflection from the sea surface which arrives a little later, and a reflection from the sea bottom. If the distances that these three waves travel are ri , r2, and r3, and if the velocity of sound in water is c, the measured wave mi(t) will be related to the far-field signatures s,(t) in the following way m;(t) =Li i t- 
where we assume the following: s,(t) is the signature whose amplitude is normalized to a unit distance from the source; the reflection coefficient at the sea surface is -1; the reflection coefficient at the sea floor is + 1 (the worst case). In practice, we can make rl very small. In fact, as long as the source unit has a maximum dimension which is small compared with the shortest wavelength of interest, we can bring the hydrophone as close to the source as we like (e.g., in practice r, can be of the order of 1 m). 
Thus, we can find S, (t) from our measurements m, (t). If the inequality (23) applies, and the second term in equation (22) is negligible, it is not even necessary to derive the operator h(r) and filter the measurement, since we can then write equation (22) as
Therefore the only really important constraint on deriving si (t) is for the water to be deep enough for the third term in equation (22) to be negligible. If we know the geometry, we can then recover S,(T) to the accuracy desired. Finally, we must make n source unit measurements. For each measurement we must arrange (I) that the source unit is small compared with all the wavelengths of interest; (2) that the third term in equation (22) is negligible, as described above; (3) that the geometry is known accurately enough to define rl and r2; and (4) that the time delays ti, t2, t3, , r, . must be selected to ensure that the generated signatures do not overlap. The far-field signatures
S(T) will then be as defined by equation (21).
We stress that these measurements are made in production. That is, at each shotpoint we record n source unit measurements on n independent recording channels. In processing we will compute the composite far-field signature from these measurements on a shot-by-shot basis. If there are variations in the depth or firing time of the individual source units from shot to shot, these will cause variations in both the far-field signature and in the measurements. The fat-field signature can always be deduced from the measurements by the method described above, provided the signatures do not overlap in time
The power spectral characteristics of the source are designed to meet our requirements simply by choosing an appropriate combination of source units to comprise the total source sequence. If the spacing between the units, towed one behind the other, is such that each one reaches the same ground point at its prescribed firing instant (as described above), we will have simulated a point source. Within the signal-to-noise bandwidth of the data, deconvolution of the recorded data with the measured responses will ensure that the data appear as if an impulse had been fired at that point. To simulate a directional source array, we would arrange for the source units as they are towed through the water, to arrive at their desired spatial locations at prescribed firing instants. After deconvolution the desired source array will be simulated without interaction effects.
PROCESSING OF THE RECORDED DATA
We need to solve equation (1) for the earth impulse response g(r). In practice this cannot be done exactly, even if s(t) is known exactly and the noise n(r) is zero, since round-off error in the computation will always introduce some noise. In the presence of noise and with a reasonable estimate of s( t), we will do a little less we!! and will have to stabilize the calculation.
Consider the Fourier transform of equation (1). We have:
where o is angular frequency. A reasonable estimate of G(w) can be made by performing the following complex Fourier division with stabilization:
X(w) S(w) G(w) = IS(w)l' + IN(w (31) where S(w) is the complex conjugate of S(w). [If no noise estimate is available, the stabilization can be achieved by adding a small positive constant instead of the noise power term in the denominator of equation (31).]
We have computed some synthetic examples to demonstrate that this deconvolution scheme works and to illustrate the dependence of this method on the signal-to-noise ratio. In Figure 5 . WC show a synthetic spike sequence which will be convolved with five different time-separated source signature sequences. composed of from one to five source units, respectively. Separation of the source units in time increases the time duration of the complete source but also results in progressive broadening of the resulting spectrum. Figure 6 shows the result of convolving these live source sequences with the spike sequence, and Figure 7 shows the result after deconvolution using equation (31) with the noise stabilization term a constant equal to -60 dB of the peak value of S(w). The resolution improves as the bandwidth of the source signature sequence increases, as expected. There is also a noticeable increase in processing noise toward the end of the deconvolved trace which increases progressively as the signature length increases. This is the result of truncating the original data before deconvolution. To avoid this problem, additional data must be recorded, bcyond the maximum times of interest, equal to the total source time duration. 9. The additive noise does not go away, but the collapse of the source signature sequence is robust and still adequate for this signal-to-noise ratio. Figure IO is a more realistic synthetic example generated using the reflectivity method. The data include spherical spreading and transmission loss. all converted arrivals and all possible multiples (but not the direct water wave). The data were convolved with a seven-source unit air gun array. and IO pbar of additive noise were included (left). The data were deconvolved using the known source array as in the previous example (center). The results compare favorably with the original data (right) when there is reasonable signal-to-noise ratio.
DISCUSSION
Several points require further discussion. First. since the sequence of individual source signatures can have a duration of I or 2 sec. the water break energy will be smeared over the shallow data for much longer than in normal shooting. Does this mean that more muting is required, with a consequent loss of data' ? Second, since the recording length must be increased to accommodate the extra long source signature, will there be more smear at the receiving end? If so, any benefit which is obtained at the source by simulating a point source is lost at the receiver by increased smear. Third. is it possible to maintain the ship' s speed accurately enough to give the correct spatial control to the source elements' ?
The first point is valid if we do the muting before the deconvolution or if the receiver has significant directivity. For our method to have any validity, the signature deconvolution we propose must be done before any spherical divergence correction is applied and before muting. If the receiver section were to behave as a point receiver and if we had simulated a point source, then the water-break signature received would be the same as our far-held signature, determined from our measurements as described above. When we deconvolve for this signature the smeared water break will appear as a sharp event in the normal way.
In practice each receiver section normally has an active length of about 25 m. It behaves as a point receiver below about 60 Hz and becomes increasingly directional above 60 Hz. Thus the lowfrequency water break energy will be deconvolved properly, and the high frequencies less well. The high frequencies in the water break will tend to be smeared out slightly. However, the amplitude of these smeared high frequencies is reduced by virtue of the fact that the streamer response is low for end fire received, highfrequency energy. We do concede that there will be some problem. but we do not expect that the muting which is required will be very severe if the measurements are accurate.
Other waterborne energy, such as ringing, will deconvolve in exactly the same way as the ordinary reflection data. The accuracy of the deconvolution depends upon the directivity of the source and the receiver. It does not depend upon the duration of the source signature, as we have demonstrated. Deconvolution becomes more inaccurate, regardless of the duration of the source signature. whenever the source and receiver directivity become significant. This is a purely geometrical constraint on the convolutional model
Original and deconvolved synthetic seismic data generated using the reflectivity method for a seven air-gun time-separated source ar was included in the data after convolution with the source array. All multiple arrivals were included in this example, but not th of the seismogram. The more directional the source, and the more directional the receiver, the less the convolutional model is true. Let us consider the second point that there will be so much smear at the receiver that it is not worth simulating a point source. Typical air gun subarrays are about 20 m long. They are deployed normally in groups, with a total length of 30-50 m. Much longer arrays are also used for special applications. If we want to simulate a point source with the conventional approach-that is, firing all guns simultaneously-we cannot make the in-line length of the source less than the length of one subarray. That is, the minimum in-line source dimension with the conventional approach is about 20 m. With our approach this can be reduced to zero. Of course the cost of our approach is that we must record longer, say for 2 sec. At a normal ship speed of 5 knots, the ship will move an extra 5 m in the extra 2 sec. Thus the additional smear at the receiver is 5 m. So we lose 5 m at the receiver to gain 20 m at the source.
The final point, that the ship' s speed cannot be controlled accurately enough to control the spatial positioning of the source units, is not valid. It is quite easy to control the speed to say * 1 knot or 0.5 m/set. If we were aiming to produce a point source at a speed of 5 knots and the total signature duration were 2.5 set, with the last source unit firing 2.0 set after the first, then we would have a source whose maximum in-line dimension could not exceed 1 m for + 1 knot variation in ship' s speed. If the highest frequency of interest is 150 Hz, with a wavelength of 10 m in water, our source is very small compared with all the wavelengths of interest and therefore behaves like a point source. At the frequencies of seismic interest, fluctuations in ship speed have no effect on the validity of our method.
SUMMARY
We have presented a new approach for the design of marine seismic source arrays. In this approach the array may be designed to achieve any desired power spectral and directional characteristics, with a known far-field source signature, simply by choosing an appropriate combination of source units, each one having dimensions small compared with the shortest seismic wavelength of interest and therefore behaving as a point source.
Accurate measurement of the source signature is achieved in depths of water greater than about 25 m by placing a hydrophone within about 1 m of each source unit. Al1 interaction effects between units are avoided by firing the units sequentially, an essential feature of the sequence being that each source unit is fired only after the significant radiation from the previous unit has passed the hydrophone. These near-field source measurements are, in fact, far-field measurements because the shape of rhe pressure wave from a point source does not change with distance from the source.
The deconvolution of the derived source signature is not a problem, despite the length of the signature in time because both the amplitude and phase spectra are known. No assumptions about the statistical properties of the earth impulse response are required. This is confirmed by our examples.
In practice we anticipate three problems. First, it is not a trivial matter to decouple the measurement hydrophone from the suspension of each source unit to permit it to measure the pressure field free of any contaminating vibrations induced in the suspension at the firing instant. However, it can be done, as Figure 2 confirms. Second, since the outgoing signature is long, additional demands are put on the dynamic range of the recording system. Third, the success of the method is ultimately dependent upon the signalto-noise ratio.
We can do far more with this approach than simply simulate existing arrays without interaction effects. We can, for example, simulate a very high-energy, broad-bandwidth point source by arranging the spacing between source units to be such that each source unit is fired in the same geographic location. We could arrange for each individual source unit to be at its optimum depth to generate the most possible energy. We could arrange for the source units to be fired in locations which would maximize the directivity of the array in some chosen azimuth. All these things can be done without conflicting with any of the simple requirements of our approach.
